Background: Postruminal supply of Met during the periparturient period enhances production efficiency (feed conversion to milk) in dairy cows partly through alleviation of oxidant and inflammatory status. Whether alterations in hepatic 1-carbon metabolism (major contributor of antioxidants) and/or energy metabolism contribute to these beneficial effects is unknown. Objectives: To investigate alterations in hepatic 1-carbon and energy metabolism and associations with plasma amino acids (AAs) and production efficiency in response to enhanced postruminal supply of Met. Methods: Holstein cows (n = 30 per group) were fed during the last 28 d of pregnancy a control diet (CON) or the control plus ethylcellulose rumen-protected Met (MET; 0.9 g/kg of dry matter intake). Plasma (n = 15 per group) and liver tissue (n = 10 per group) were collected throughout the periparturient period to evaluate AA profiles, activity of the tricarboxylic acid cycle, and 1-carbon metabolism via mRNA abundance, enzyme activity, and targeted metabolomics. Results: Cows in the MET group had greater overall (27%, P = 0.027) plasma Met concentrations, but had similar total plasma AA concentrations.
Introduction
The periparturient or "transition" period (3 wk prepartum through 3 wk postpartum) is a critical stage in the life cycle of dairy cows (1, 2) . Failure to adequately meet its challenges can compromise production, induce metabolic disorders, and increase rates of removal from the herd (3) . Most notably, dairy cows experience an increase in nutrient demands around parturition to sustain fetal growth and lactation that is coupled with a gradual decrease in voluntary feed intake as parturition approaches. An important outcome of such events is a state of negative nutrient balance among which the decreased supply of amino acids (AAs) reaching the small intestine can compromise milk synthesis. Despite the marked negative metabolizable protein balance (i.e., microbial plus rumen-undegradable protein reaching the small intestine), the boost in production efficiency in cows fed rumen-protected Met (i.e., to prevent microbial degradation in the rumen) during the periparturient period highlights the pivotal role of postruminal indispensable AA availability (4) (5) (6) . Benefits of postruminal Met supply go beyond production and encompass better health status in part due to a reduction in oxidant status and inflammatory state (5, (7) (8) (9) (10) .
In addition to their essential role as nutrients, Met, choline, and folic acid are key components of 1-carbon metabolism, contributing to transmethylation and transsulfuration reactions (11) . Conversion of Met to S-adenosylmethionine (SAM)-the principal methyl donoris the first step in transmethylation and is followed by metabolism of SAM to homocysteine via the intermediate S-adenosylhomocysteine (12) . Homocysteine can then either be recycled back to Met in a folate/choline-dependent manner through 5-methyltetrahydrofolatehomocysteine methyltransferase (MTR) and betaine-homocysteine S-methyltransferase (BHMT), or can be rapidly converted to cystathionine via cystathionine β-synthase (CBS) followed by various steps resulting in synthesis of taurine (Tau) and glutathione as 2 major endproducts (13) . These compounds are considered major intracellular antioxidants. Recent data from dairy cows underscore that key enzymes in 1-carbon metabolism are responsive to postruminal supply of Met and choline (14) (15) (16) .
The increase in hepatic activity of BHMT, MTR, and CBS after parturition in sheep and dairy cows underscored the importance of 1-carbon metabolism during the transition into lactation (14, 17) . Liver and plasma glutathione and Tau data from dairy cows suggest that supply of Met or choline has a positive effect on production of these vital antioxidants (815, 18, 19) . As such, these compounds contribute to alleviating oxidative stress and inflammation while benefitting the immune system of the cow (8, 9) . The 1-carbon metabolism is also tightly linked with cellular energy status (20) , helping in part explain improvements in cow energy metabolism following supplementation with rumen-protected Met (5, 19) .
The main objective of the present study was to investigate alterations in hepatic 1-carbon and energy metabolism, and associations with plasma AA and production efficiency in response to enhanced postruminal supply of Met. To achieve this, a systems approach combining mRNA abundance, activity of BHMT, MTR, and CBS, and targeted metabolomics in liver tissue from a subset of cows in a larger study was used (4) .
Methods

Animals, experimental design, and treatments
The Institutional Animal Care and Use Committee (IACUC) at University of Illinois Urbana (IACUC protocol #14,270) approved all experimental procedures. Details of the experimental design have been reported previously (4) . Briefly, multiparous Holstein cows were used in a randomized, complete block design experiment with 30 cows per treatment. Cows were blocked by expected day of parturition, and blocks were balanced within each of the 2 experimental groups by parity, previous 305-d milk yield, and body condition score (BCS). The BCS used to block cows was measured at 30 d before parturition using the scale 1 to 5 [1 = thin, 5 = fat, scale in 0.25 increments (21)]. Cows were fed the experimental treatments consisting of a basal control [CON; n = 30; 1.47 Mcal/kg dry matter (DM)] diet with no added Met or the basal diet plus ethylcellulose rumen-protected Met (MET; Mepron; Evonik Nutrition & Care GmbH; n = 30) from −28 to 30 d relative to parturition. The Met product was supplied (top-dressed) at a rate of 0.9 and 1.0 g/kg DM on the total mixed diet during the prepartum and postpartum period, respectively. This supply of Met was based on recent experiments demonstrating a benefit of achieving a Lys:Met ratio close to 2.8:1 in terms of production performance and health (5, 6) . Mepron is a commercial rumen-protected source of dl-Met that resists ruminal degradation through an ethylcellulose film coating. Pellets measure 1.8 × 3 mm and contain 85% dl-Met. Mepron contains an equimolar mixture of the d-and l-isomers, and a minimum of 75 ± 3% of the ingested d-Met is transformed into l-Met by the dairy cow (22) . The intestinal digestibility coefficient and ruminal bypass value of Mepron are 90% (23) and 80% (24), respectively; therefore, per 10 g of Mepron, the cows received 6.1 g Met available for absorption. During the preliminary period (from −45 to −29 d relative to the expected parturition day) all cows received the same diet containing 1.33 Mcal/kg DM with no added Met. Treatment diets were mixed daily in a tumble-mixer and fed once daily (at 13:00). The ingredients and chemical compositions of the diets are reported in Table 1 . Diets were formulated to meet cows' predicted requirements for energy, protein, minerals, and vitamins (25) .
Blood collection
Per IACUC guidelines, subsets of 15 cows per treatment were used for blood sampling (4). To ensure a homogeneous representation and avoid confounding factors, selection of cows from each group took into account parity (3.6 ± 1.3 lactations), body weight (BW; mean: 812 ± 86 kg), and BCS (range: 3.50 to 3.70) at −30 d (i.e., prior to assignment to CON or MET), and previous 305-d milk yield (mean: 10,612 ± 1755 kg). Only cows that were free of clinical disease throughout the study and had the full set of samples were used for analyses. Samples were collected from the coccygeal vein before the meal at −14, 1, 7, 21, and 30 d relative to expected parturition. Samples were collected into evacuated tubes (BD Vacutainer; BD and Co) containing lithium heparin. After collection, samples were placed on ice until centrifugation (∼40 min). Plasma was obtained by centrifugation (2000 × g; 30 min; 4 • C). Aliquots of plasma were frozen (−80 • C) until further analysis.
Liver tissue collection
Per IACUC guidelines, a subset of 10 cows per treatment were used for liver biopsies (4) . Selection of cows for biopsy followed the same approach as described above for blood samples (3.5 ± 1.4 lactations; BCS: 3.67 to 3.68; BW: 782 ± 86 kg; 10,918 ± 1078 kg milk). Actual days receiving diets prepartum for these cows was 28 ± 3 d, and all had the full set of biopsies. Tissue (1-2 g) was obtained via puncture biopsy. Samples were collected under local anesthesia at approximately 08:00 on days −10, 10, and 30 relative to parturition. Liver was frozen immediately in liquid nitrogen and stored (−80 • C) until further analysis.
Laboratory analyses
AAs.
Plasma AA concentrations were analyzed according to established protocols (26) . Briefly, samples were first oxidized at 0 • C for 16 h with per- 6 Contained 0.9 g/kg retinol. 7 Contained 125 g/kg cholecalciferol. 8 Contained 29.5 g/kg α-tocopherol. 9 ADM Animal Nutrition. 10 Rumensin, Elanco Animal Health. 11 Mepron, Evonik Nutrition & Care GmbH.
formic acid followed by an incubation with sodium sulfite for 30 min in an ice bath to remove excess performic acid. This step allowed quantification of Met and Cys. Hydrolysis was performed with hydrochloric acid at 110 • C for 24 h. Amino acid profiling was performed with a Biochrom 30+ (Biochrom Ltd) analyzer.
RNA isolation, cDNA synthesis, and qPCR.
Total RNA was isolated from 50 mg of liver tissue using the miRNeasy kit (Qiagen) following the manufacturer's protocols. Samples were treated on-column with DNaseI (Qiagen); quantification was assessed using the NanoDrop ND-1000 (NanoDrop Technologies), and RNA quality was measured using an Agilent 2100 Bioanalyzer (Agilent). All samples had an RNA integrity number factor >7. The qPCR was per- formed as described previously (19) . Primer sequence information is available in Supplemental Table 1 . Performance of qPCR reactions is available in Supplemental Table 2 . 
Metabolomics analysis.
Approximately 50 mg of frozen tissue was extracted by a 2-step protocol (27) , which included methanol/chloroform/water extraction. Briefly, liver was homogenized in 4 mL methanol and 0.85 mL water per gram of tissue. Afterwards, the homogenate was removed and combined with 4 mL chloroform and 2 mL water per gram of tissue. Samples were then left to partition on ice for 10 min, and centrifuged for 5 min at 2000 × g at 4 • C to separate the polar and nonpolar layer. Targeted metabolomics (LC/MS/MS) of the polar layer was performed to quantify metabolites related to the 1-carbon metabolism, the transsulfuration pathway, and tricarboxylic acid (TCA) cycle. Samples were analyzed with the 5500 QTRAP LC/MS/MS system (Sciex). The 1200 series HPLC system (Agilent Technologies) includes a degasser, an autosampler, and a binary pump. The LC separation was performed on a Phenomenex C18(2) column (4.6 × 150 mm, 5 μm) with mobile phase A (10 mM ammonium formate) and mobile phase B (methanol). The flow rate was 0.4 mL/min. The linear gradient was as follows: 0-1 min, 95% A; 8 min, 50% A; 15-18 min, 0% A; 18.1-26 min, 95% A. The autosampler was set at 10 • C. The injection volume was 10 μL. Mass spectra were acquired under both positive (ion spray voltage +5500 V) and negative (ion spray voltage −4500 V) electrospray ionization. The source temperature was 500 • C. The curtain gas, ion source gas 1, and ion source gas 2 were 35 psi, 65 psi, and 55 psi, respectively. Multiple reaction monitoring was used for quantitation (Supplemental Table 3 ). Software Analyst 1.6.2 (AB Sciex Pte. Ltd, Singapore)was used for data acquisition and analysis. Before statistical analysis, the AUC was normalized by the protein concentration of the samples.
Enzyme activity assays.
Detailed protocols for evaluating activity of BHMT, MTR, and CBS were originally published by our group (14) and subsequently used in experiments with bovine placenta (28), cow liver (15, 16) , and calf liver (29) .
Statistical analysis
The data were analyzed using the MIXED procedure of SAS 9.4 (SAS Institute) according to the following model: dance, the data were log-2 transformed before analysis. Normality of the residuals was checked with normal probability and box plots, and homogeneity of variances with plots of residuals compared with predicted values. Data are presented as least-squares means with pooled SEMs.
Significance was declared at a Tukey-adjusted P < 0.050 and tendencies at 0.050 ≤ P ≤ 0.100.
Results
Plasma AAs
With the exception of His (Figure 1) and Tau , concentrations of all AAs and other nitrogen-containing molecules were altered by time around parturition (Time, P < 0.050; Table 2 ). Cows fed MET had an overall greater plasma concentration of Met (P = 0.027), which also led to a greater percentage of Met relative to total AA content in plasma. Cows fed MET also had lower overall (Treat, P < 0.050; Table 2 ) concentrations of Tau and α-aminobutyric acid, and tended to have lower overall 3-methylhistidine (Treat, P = 0.050), Gly (Treat, P = 0.095), and 1-methylhistidine (Treat, P = 0.094; Table 2) . A treatment by time interaction was observed for His, Asn, Gln, Tyr, and total dispensable AA (Treat × Time, P < 0.050; Figure 2) , and Pro tended to have a Treat × Time effect (P = 0.064, Figure 2 ). Cows fed MET had greater prepartum concentrations of Gln (Figure 2 ). In contrast, concentrations of His, Asn, Pro, Tyr, and total dispensable AAs were lower in cows fed MET, especially at 21 and 30 d postpartum ( Figure 2 ).
Hepatic enzyme activity, metabolomics, and mRNA abundance
Compared with prepartum levels, activity of BHMT, MTR, and CBS increased postpartum (Time, P < 0.050; Figure 1 ). Met supplementation did not affect (Treatment, P > 0.050) activity of BHMT and MTR, whereas it led to an overall greater (Treatment, P = 0.032; Figure 1 ) activity of CBS throughout the periparturient period. Liver tissue concentrations of Met and Tau (Treat, P = 0.080 and 0.101; Table 3 ) and malic, α-ketoglutaric, and isocitric acids tended (Treat, P = 0.093, 0.084, and 0.063) to be greater in cows fed MET. In contrast, concentration of glutathione was greater overall (Treat, P = 0.048) in cows fed MET.
The abundance of aconitase 2 (ACO2) and fumarate hydratase (FH) mRNA in liver tissue was greater (Treat, P = 0.045 and 0.041; Table 4 ) in cows fed MET. Furthermore, methionine adenosyltransferase 1A (MAT1A) and phosphoenolpyruvate carboxykinase 1 (PCK1) mRNA tended (Treat, P = 0.064 and 0.093; Table 4 ) to be greater and CBS mRNA tended to be lower (Treat, P = 0.073) in cows fed MET.
Discussion
Previous studies have demonstrated the ability of "protection" technologies to deliver target nutrients-for example, Met (18, 24, 30, 31) -to the dairy cow directly, bypassing the rumen environment. The 27% increase in plasma Met concentration in the study confirmed the rumen-bypass ability of the ethylcellulose protection technology of the supplemented MET product. Although similar to findings in older studies (24, 30, 31) , the greater systemic availability of Met coupled with lower circulating concentrations of other indispensable AAs, dispensable AAs (e.g., Ala, Asn, Gly, His, Pro, Tyr), and total AAs (indispensable + dispensable) in MET cows contrasts with a recent study in which periparturient dairy cows were fed a polymer-protected Met product (18) . We speculate that feeding rumen-protected Met improved the balance and utilization of plasma AAs, following nutritional theories that postruminal increases of the most-limiting AAs (e.g., Lys, Met) lead to a decrease of other AAs in plasma because of an increase in synthesis of milk protein (32, 33) . The greater milk protein production of cows fed MET supports this theory (4). Furthermore, the improved AA profile and the increase in overall DM intake observed in the cows used in the present study (4) reduced the need of MET cows to tap into their protein reserves (e.g., muscle mass), as indicated by the tendency for lower circulating concentrations of biomarkers of muscle mobilization (e.g., 1-and 3-methylhistidine). Despite a statistical tendency for greater concentrations in cows fed MET, the hepatic concentration of Met during the experimental period did not follow the same increment observed in the plasma. As first utilizer of the blood flow from the gastrointestinal tract, the liver either deaminates the excess AAs to synthesize other dispensable AAs, channels them through metabolic pathways for synthesis of other metabolites, or allows them to pass untouched into the systemic circulation. Because blood urea (4) and ornithine concentrations remained constant between MET and CON cows, the additional Met supplied by rumenprotected Met did not seem to have been used for deamination purposes. In fact, the greater CBS enzyme activity suggests the channeling of Met into the Met cycle and the transsulfuration pathways. Despite the lower plasma concentration of α-aminobutyric acid (AABA)-a marker of flow into the transsulfuration pathway (34)-in cows fed MET, the greater concentrations of glutathione-also observed recently in a similar study (8)-and tendency for Tau support the CBS activity data.
Both Tau and glutathione are major players in the cellular antioxidant systems, and could have helped cows fed MET handle the pro-oxidant status characteristic of the periparturient period (35) . In agreement with this idea, analyses in blood and liver tissue from the bigger cohort of cows in this study proved that these animals underwent a period of oxidative stress [e.g., postpartum increase of reactive oxygen metabolites (ROMs) and decrease of reduced glutathione] (8). However, cows fed MET, probably thanks to the increased hepatic synthesis of glutathione and Tau, displayed a better antioxidant capacity (e.g., ferric reducing antioxidant power), lower ROM, and greater reduced glutathione concentrations (8) . Furthermore, the greater concentration of AABA in the CON cows might have been due to liver damage from oxidative stress (36) .
Despite supplemental Met potentially inducing greater flux through the transsulfuration pathway, the greater hepatic concentration of Tau in cows fed MET was not maintained at the systemic level, because plasma concentrations were greater in CON cows. As for other AAs, we speculate that the greater supply of an indispensable AA (i.e., Met) might have increased its utilization in the cow's tissues. During the transition period dairy cows experience metabolic dysfunction due to physiological adaptations associated with the high requirements of the lactating mammary gland (2) . At least in nonruminants, Tau not only has fundamental roles as an antioxidant and anti-inflammatory metabolite, but it also participates in energy metabolism, specifically by strengthening it under normal conditions (e.g., enhancing electron transport chain activity and protecting the mitochondria against excessive superoxide generation), or by directly or indirectly reversing histological abnormalities and improving metabolic activities under stressful or pathological conditions (37) . At the systemic level, the observed lower concentrations of circulating nonesterified fatty acids in the current (4) and another study using ethylcellulose rumen-protected Met (38) suggest a better energy metabolism status through the periparturient period. At the level of the liver, the mRNA abundance of genes (e.g., ACO2, FH) and intermediates (e.g., malic, α-ketoglutaric, and isocitric acids) of metabolic pathways in cows fed MET also underscored better energy metabolism. Because dairy cows rely heavily on hepatic gluconeogenesis to supply peripheral tissues with metabolic fuels, the tendency for greater abundance of PCK1 mRNA offers additional support for better energy status in cows fed MET (2) .
The greater activity of CBS in response to feeding rumen-protected Met supports the notion that increased postruminal availability of this indispensable AA around parturition can alter hepatic flux through the folic acid and Met cycles and the transsulfuration pathway. As such, it can contribute to alleviating oxidant status by increasing concentrations of glutathione and Tau, while improving energy metabolism. Together, these adaptations help explain the consistent improvements in production, health, and immunological status of periparturient dairy cows fed rumen-protected Met (5, 6, 9, (38) (39) (40) .
To overcome some limitations of the current study, future research should encompass measurements of protein abundance for MTR, BHMT, and CBS, to allow a more complete view of how they are regulated as a function of supply of Met or other methyl donors (e.g., choline, folic acid). Along with the protein data, absolute quantification of hepatic metabolites via the use of purified standards would help better address potential changes in flux as related to Met supply (or other nutrients such as choline and folic acid). Such data also would allow for better comparisons among published studies of 1-carbon metabolism in dairy cows. Overall, a combination of in vivo (tissue) and in vitro (primary hepatocytes) experiments would be helpful in terms of enhancing our understanding of physiological mechanisms that respond to changes in the supply of methyl donors.
